Introduction
============

Advances in developmental and cell biology have allowed for extension of previous knowledge and experiences to more specialized areas of medicine, including reproduction.[@b1-sccaa-11-023],[@b2-sccaa-11-023] As has been described first in mouse models experimentally, spermatogonial stem cells (SSCs) have been used to generate sperm either in vivo[@b3-sccaa-11-023] or in vitro.[@b4-sccaa-11-023] SSC transplantation has been tried successfully in different species[@b5-sccaa-11-023] including nonhuman primates,[@b6-sccaa-11-023] but not yet in humans. Progress in achieving successful and efficient in vitro spermatogenesis is less advanced than SSC transplantation but is promising as newer approaches, ie, the use of three-dimensional (3D) culture systems, are developing and becoming more refined.[@b7-sccaa-11-023]--[@b9-sccaa-11-023]

Various groups of patients such as cancer survivors, those with idiopathic non-obstructive azoospermia, and those with Klinefelter syndrome (KS) are examples of patients who may benefit from regenerative treatments using SSC technology either in vivo or in vitro when available in the future ([Figure 1](#f1-sccaa-11-023){ref-type="fig"}). Cancer survivors are the group that may benefit the most from this technology. In the past three decades, the survival rate of patients suffering from cancer has increased significantly.[@b10-sccaa-11-023],[@b11-sccaa-11-023] However, one of the most common long-term complications of cancer treatments is the subsequent difficulty to conceive a child.[@b12-sccaa-11-023] Semen cryopreservation is often offered to adult patients before the start of chemotherapy or radiation. Unfortunately, this option is not available for pediatric patients prior to the onset of puberty. Investigators have postulated that cryopreservation of testicular tissue prior to the start of gonadotoxic treatments could open the door for future fertility treatments. Many groups have tried different methods to cryopreserve human testicular samples to maintain morphology, viability, and functionality of the cells after freezing and thawing. This article aimed to systematically reviewing the evolution of human testicular tissue cryopreservation and its effect on subsequent SSC propagation and to gather, organize, and compare data about this topic present in the literature.

Methods
=======

The electronic database MEDLINE was systematically searched via PubMed using the following terms: Spermatogonia (MeSH): euploid male germ cells of an early stage of spermatogenesis, derived from prespermatogonia. With the onset of puberty, spermatogonia at the basement membrane of the seminiferous tubule proliferate by mitotic and then meiotic divisions and give rise to the haploid spermatocytes.Tissue banks (MeSH): centers for acquiring, characterizing, and storing organs or tissue for future use.Cryopreservation (MeSH): preservation of cells, tissues, organs, or embryos by freezing. In histological preparations, cryopreservation or cryofixation is used to maintain the existing form, structure, and chemical composition of all the constituent elements of the specimens.Freezing (MeSH): liquids transforming into solids by the removal of heat.Vitrification (MeSH): The transformation of a liquid to a glassy solid, ie, without the formation of crystals during the cooling process.Culture (All fields)

The following combination of words was used for search: ("spermatogonia" \[mesh\]) and ("tissue banks" \[mesh\]) or ("cryopreservation" \[mesh\]) or ("freezing" \[mesh\]) or ("culture" \[all fields\]). Articles published in languages other than English were excluded, and we only included articles dealing with human materials. Final search was accomplished on March 1, 2018, and initially, 130 articles were identified. After reviewing the abstracts, 63 articles were selected for full-text review. The main inclusion criterion was presenting the original data from cryopreservation of testicular tissues or cells, for either clinical banking or fundamental research. After full-text review, 31 articles directly from MEDLINE search or indirectly via other selected manuscripts were included in this systematic review ([Figure 2](#f2-sccaa-11-023){ref-type="fig"}).

Results
=======

In the past two decades, several groups have worked on techniques of freezing human testis materials. Different cryoprotectants such as dimethyl sulfoxide (DMSO) and ethylene glycol (EG) have been studied, and different cooling methods including slow freezing ie, uncontrolled ([Figure 3A and B](#f3-sccaa-11-023){ref-type="fig"}) and controlled rates ([Figure 3C](#f3-sccaa-11-023){ref-type="fig"}); and vitrification ([Figure 3D](#f3-sccaa-11-023){ref-type="fig"}) have been tried for cryopreservation. [Table 1](#t1-sccaa-11-023){ref-type="table"} summarizes all the studies, and [Table 2](#t2-sccaa-11-023){ref-type="table"} shows a comparison of control rate freezer (CRF, [Figure 3C](#f3-sccaa-11-023){ref-type="fig"}) programs used in different studies. We divided the articles based on their focus into four categories: Optimal cryoprotectant and methods, in which researchers focused on finding the best medium and protocol for either tissue or cell cryopreservation by comparing different conditions;SSCs after cryopreservation, which includes studies using cryopreserved testicular tissue to isolate and culture cells, especially SSCs, and to propagate and characterize them using different methods;Experimental testicular tissue banking, as an important clinical aspect of tissue cryopreservation and its indications;Experimental applications of cryopreserved testicular tissues including in vitro differentiation and transplantation of SSCs.

Optimal cryoprotectant and methods
----------------------------------

### Tissue cryopreservation (slow freezing)

In 2000, Bahadur et al did the very first trial to freeze testicular tissue using three different cryopreservative media: 1) an egg-yolk-based medium containing glycerol; 2) in vitro fertilization (IVF) medium supplemented with glycerol and serum; and 3) phosphate-buffered saline (PBS) containing propane-1,2-diol (PrOH) and sucrose.[@b13-sccaa-11-023] Testicular biopsy was performed on one testicle only in two boys, 8 and 13 years old, who were diagnosed with Ewing sarcoma and Hodgkin's lymphoma, respectively. Tissue and medium were placed in nitrogen vapor phase for 1.5 hours with a cooling rate of 10°C/min and then plunged into liquid nitrogen (LN2). A small segment was preserved for histological analysis in Bouin's solution. While they did histological evaluation on both tissues before cryopreservation using Bouin's fixed samples, this study lacks any comparison between the three cryoprotectants and any post-thaw evaluations.

Later in 2005, Keros et al compared three different protocols on adult testicular tissue using CRF to find an optimum cryoprotectant.[@b14-sccaa-11-023] They used 1) egg-yolk-based medium containing 12% glycerol routinely used for semen cryopreservation; 2) 1.5 M PrOH; and 3) 0.7 M DMSO, which were previously used for cryopreservation of ovarian and fetal testicular tissues, respectively.[@b15-sccaa-11-023],[@b16-sccaa-11-023] Using light and transmission electron microscopy (TEM), they compared the three conditions versus a fresh tissue in terms of morphological preservation and reported that DMSO preserved a testicular tissue with a better morphological structure than in the other two conditions, compared with the fresh tissue (DMSO, 70±6%; fresh, 86±6%; PrOH 37±3%; and glycerol, almost 0%). They also evaluated the percentage of detached spermatogonial cells from basal lamina as a marker of tissue destruction, using immunohistochemistry (IHC) for MAGE-A4, a specific antigen for spermatogonia in human testis tissue, and found that DMSO was the least harmful among the three other cryoprotectants compared with the fresh tissue (fresh, 1.4%; DMSO, 2.2%; PrOH, 7.9%; and glycerol, 88%). This study also showed higher in vitro testosterone production in DMSO group compared with PrOH group during a 12-day ex vivo culture, suggesting a better survival of Leydig cells in DMSO. As this study showed DMSO as an appropriate cryoprotectant for testicular tissue freezing, 2 years later, the same group compared two different CRF programs using DMSO-based medium (programs 1 and 2; [Table 2](#t2-sccaa-11-023){ref-type="table"}) in a setting for banking testicular tissue from boys before gonadotoxic treatments.[@b17-sccaa-11-023] This time, they used 5% DMSO and 5% human serum albumin (HSA) diluted in Hanks' balanced salt solution (HBSS) as a cryoprotectant and compared the histological finding of five prepubertal and peripubertal testicular tissue biopsies versus fresh and 24-hour ex vivo cultured fresh tissues. CRF program 1 was longer with more holding steps and was originally designed for adult human testicular tissue cryopreservation,[@b14-sccaa-11-023] while program 2 had been used for cryopreservation of fetal testicular tissue.[@b15-sccaa-11-023] Although no major structural difference was observed between fresh, fresh/cultured, and frozen-thawed tissues in light microscopy investigation, TEM imaging showed better preservation of the cells and structure in the samples frozen in program 1. Moreover, by using IHC for MAGE-A4, Vimentin, and CD34, they were able to evaluate spermatogonial, Sertoli, and testicular stroma cells (peritubular cells), respectively. Lower numbers of spermatogonia were visualized in program 2 samples, whereas no sign of damage to the testicular network was observed in all study groups. These two studies mark the first significant comparison between different cryoprotectant and freezing programs for testicular tissue. Putting them together, the data suggest DMSO as an optimum cryoprotectant, and the slower the freezing procedure, the better the structural preservation of the tissue and the more spermatogonial cells.

Since boys with undescended testes (UDT) are at a risk of infertility in adult life despite having early orchiopexy,[@b18-sccaa-11-023] Kvist et al assessed the presence of Leibovitz L-15 in cryopreservation medium for testicular tissue by obtaining biopsies from eight boys undergoing orchiopexy surgery.[@b19-sccaa-11-023] Each biopsy sample was divided into six pieces: one was used for fixation and one for ex vivo culture (both served as controls), and the rest were frozen using two different cryoprotectants (two cryotubes per condition), one containing Leibovitz L-15 medium supplemented with 1.5 M EG, 0.1 M sucrose, and 10 mg/mL HSA and the second one containing PBS instead of Leibovitz medium. After 10 minutes of equilibration at 2°C, the samples were frozen using a programmable freezer ([Table 2](#t2-sccaa-11-023){ref-type="table"}) and then kept in LN2. After thawing, one piece was fixed, and the other one was cultured in supplemented Dulbecco's Modified Eagle Medium with nutrient F12 (DMEM/F-12) medium for 2 weeks in 5% CO~2~ at 34°C. Morphological evaluations revealed that immature human testes tissues maintained their structural characteristics after cryopreservation and thawing. In addition, immunostaining using c-kit (CD117) as a spermatogonial marker showed the survival of c-kit-positive germ cells in fresh and frozen-thawed tissues; however, no quantification was done to compare the two conditions. The assessment of Leydig and Sertoli cell functionality was done by collecting the medium to measure testosterone and inhibin-B levels, which revealed no significant differences. Although Leibovitz medium, which supports the growth of primary explants of embryonic cells, could potentially be a better cryoprotectant, this study proved no significant difference between using this medium and using PBS. However, the survival of spermatogonia after cryopreservation indicated a potential option for UDT patients to store their spermatogonial cells for later use.

### Tissue cryopreservation (vitrification)

As vitrification has become more common in the field of assisted reproductive technology (ART) and has been shown to avoid crystal formation and ensuing freeze injuries in other tissues,[@b20-sccaa-11-023] researchers also tried to use this method to cryopreserve testis tissue. Curaba et al compared 1) vitrification (V) and 2) CRF for immature human testicular tissue to determine whether the yield of spermatogonial cells can be improved after thawing.[@b21-sccaa-11-023] In this study, they obtained testicular tissue from two cancer patients before starting chemotherapy, and pieces of around 3 mm^3^ were cryopreserved by both the methods. For the CRF method, they followed Wyns et al's protocol ([Table 2](#t2-sccaa-11-023){ref-type="table"}),[@b22-sccaa-11-023] and for vitrification, they used the same protocol that had been recently developed on mouse immature testis tissue.[@b23-sccaa-11-023] Briefly, three dehydration steps were performed, and the samples were then placed on 0.3 mL insemination cryostraws ([Figure 3D](#f3-sccaa-11-023){ref-type="fig"}), which were cut with a scalpel and directly plunged into LN2. The cryostraws were then inserted into precooled cryovials, sealed, and stored for 24 hours in the LN2. After 24 hours of storage, they thawed the samples and cultured vitrified-warmed, CRF-thawed, and fresh tissues in a medium containing follicle stimulating hormone (FSH) for 10 days. Using hematoxylin and eosin (H&E) and immunostaining on fixed cultured tissues for spermatogonial (MAGE-A4) and proliferation (Ki-67) markers, similar morphology in both freezing methods was reported. Although they recommended vitrification as a less expensive freezing method compared with CRF, a cost analysis is needed to make such a claim, and vitrification requires more expertise compared with CRF method.

Poels et al also tried to evaluate vitrification as a potential cryopreservation method for immature testicular tissue (ITT), by comparing three experimental groups of grafted human testes tissue to the scrotum of castrated nude mice: 1) vitrified-thawed tissue; 2) slow frozen-thawed tissue; and 3) fresh tissue.[@b24-sccaa-11-023] The slow freezing method consisted of a CRF program ([Table 2](#t2-sccaa-11-023){ref-type="table"}) and a medium containing 0.7 M DMSO and 0.1 M sucrose as cryoprotectants. For vitrification, a solution containing 15% EG, 15% DMSO, and 0.5 M sucrose in L-15 medium supplemented with 25 mg/mL HSA was used, and then, the tissue was put on cryostraws and stored in LN2. Six months after grafting, they compared the three experimental groups with fixed control tissue before xenografting by performing H&E staining and IHC staining using MAGE-A4, Ki-67, and 3β-Hydroxysteroid dehydrogenase (3β-HSD) as markers for spermatogonial cells, cell proliferation, and Leydig cells, respectively. The results showed no significant differences between fresh, slow frozen-thawed, and vitrified-thawed xenografted tissues regarding intratubular proliferative activity of cells. Double staining with MAGE-A4 and Ki-67 revealed 4%, 5.5%, and 4.1% of spermatogonial cells showing proliferative activity, respectively. However, there was a marked decrease in the number of spermatogonial cells per tubules in all three experimental groups compared with nongrafted fresh control tissues (\<10%). These findings may be due to both cryopreservation and xenografting individually or when combined.

In another work, Baert et al reported a study using adult testicular tissue from 14 vasectomy reversal patients.[@b25-sccaa-11-023] They compared two different concentrations of DMSO (0.7 and 1.5 M) by using uncontrolled rate freezing (URF) and CRF methods ([Table 2](#t2-sccaa-11-023){ref-type="table"}), in addition to comparing two vitrification methods, namely solid-surface vitrification (SSV) and direct cover vitrification (DCV). For SSV, the tissue pieces were transferred to an aluminum floater partially immersed in LN2 to allow vitrification. For DCV, the tissue fragments were immediately put in a cryovial and directly exposed to LN2. After thawing, samples from all groups were fixed for further light microscopy or TEM evaluation and compared with fresh tissue used as control. In all conditions, ≥60% of tubules stayed intact after freeze-thaw with 1.5 M DMSO in URF showing the best integrity; however, the number of UCHL1+ spermatogonia was decreased (up to 50%) except in 1.5 M DMSO in URF, which retained similar numbers to the fresh tissue. Minimum and maximum damages in the ultrastructure of spermatogonial cells were reported in SSV and 0.7 M DMSO with CRF, respectively. Considering these results, although vitrification led to minimum ultrastructural damage of spermatogonial cells, DMSO freezing yielded more spermatogonial cells. As vitrification is a more complicated procedure, DMSO slow freezing showed more promising preservation of testicular tissue when compared with vitrification.

### Cells cryopreservation

While some groups were focusing on cryopreservation of whole testicular tissue, Brook et al tried to cryopreserve isolated cells from testicular tissue with four different cryoprotectants.[@b26-sccaa-11-023] They acquired testicular tissue biopsies from five adult patients, cut them into small pieces, and incubated with collagenase for 12--20 minutes followed by trypsin--EDTA medium to make a cell suspension. A total volume of 1 mL freezing medium was prepared containing 4% fetal bovine serum (FBS) plus 1.5 M of each of the four following cryoprotectant reagents: DMSO, PrOH, EG, and glycerol, in four cryotubes for each cell suspension ([Table 2](#t2-sccaa-11-023){ref-type="table"}). After 8 days, the samples were thawed, and the mean viability of cells was between 52% and 58%, compared with 66% just before freezing, with no significant difference between different cryoprotective reagents. Although they tried to compare the cryoprotectants by measuring the viability of frozen-thawed cells, more specific analysis regarding different cell types, especially spermatogonia, was expected. In addition, this study did not evaluate the growth ability of cells in culture after freeze-thaw with each cryoprotectant.

Over a decade later, Pacchiarotti et al used testicular tissue of five sexual reassignment (transgender) patients who underwent hormone therapy for a period of 6--12 months prior to orchiectomy.[@b27-sccaa-11-023] The cells were isolated from tissues, and part of the tissue from each patient was frozen using PBS-based medium containing 10% HSA, 10% DMSO, and 1% dextran followed by a slow freezing protocol in a CFR ([Table 2](#t2-sccaa-11-023){ref-type="table"}). The cryotubes were quickly transferred to a validated Chart MVE BioMedical, GA, USA and stored in the vapor phase of LN2 at −188°C. Average viability of cells isolated from fresh tissues was \>90%, which declined to 74% when isolated from frozen-thawed tissue. Moreover, the viability of the cells that were isolated from fresh tissue, cryopreserved, and then thawed decreased to 52%. While their total recovery rate of viable cells from frozen tissue was one third of the rate for the fresh tissue, flow cytometry analysis showed enrichment of SSEA4+ and LHR+ cell populations after freeze-thaw of the tissue, indicating more spermatogonial and Leydig cells survived, respectively. However, the fact that these patients underwent hormonal therapy before orchiectomy could alter the behavior of their testicular tissues and cells and was not considered in this study. From both studies, we learned that cryopreservation of isolated cells from fresh tissue leads to lower cell viability after freeze-thaw, and more importantly, the isolation of cells prior to cryopreservation will deprive patients from the potential treatment options that require the whole testicular tissue ([Figure 1](#f1-sccaa-11-023){ref-type="fig"}). These all together emphasize that tissue cryopreservation is preferred over cell cryopreservation.

SSCs after cryopreservation
---------------------------

SSCs are the most important cell types in the testicle, responsible for preserving the spermatogonial pool of the testes to produce sperms. Viability and functionality evaluation of stored SSCs is important, depending on the freezing methods and the type of cryoprotectant. Morphological evaluation using light microscopy, TEM, and IHC and spermatogonial quantity using flow cytometry for specific spermatogonial markers have been used to assess the presence and integrity of these cells before and after cryopreservation. Other methods including xenografting the tissue and transplanting the cells retrogradely into the seminiferous tubules were also performed by researches in the field as ways of analyzing the presence and function of these cells.

### Xenografting

Wyns et al in 2007 and 2008 reported two studies regarding the evaluation of cryopreserved tissues after xenografting.[@b22-sccaa-11-023],[@b28-sccaa-11-023] In the first report, they assessed survival and proliferation of spermatogonial and Sertoli cells after whole tissue cryopreservation using a modified protocol developed earlier by Keros et al[@b14-sccaa-11-023] on ITT.[@b22-sccaa-11-023] They acquired testicular biopsies from prepubertal boys undergoing unilateral orchiopexy for the treatment of cryptorchidism. Biopsies from each individual were divided into two portions; the smaller portion was fixed as control before freezing, and the larger portion was frozen in DMSO-based medium (0.7 M) supplemented with sucrose (0.1 M) and HSA (10 mg/mL) using a programmable freezer ([Table 2](#t2-sccaa-11-023){ref-type="table"}). After thawing, a piece of thawed human testicular tissue (1--6 mm^2^) was grafted into the scrotum of a mouse after removing both mouse testes at the same surgery. Three weeks later, the mice were euthanized, and tissue morphology was evaluated by H&E staining and light microscopy using a semi-quantitative method described earlier by Keros et al,[@b14-sccaa-11-023] comparing the tissues with their controls before freezing. Integrity of the tubules was well preserved in grafted frozen-thawed tissue, and in terms of morphometry, the transplantation of cryopreserved tissue did not induce any fibrosis or sclerosis. IHC for MAGE-A4, Vimentin, and Ki-67 showed presence and proliferation of spermatogonial and Sertoli cells, respectively, after cryopreservation and xenografting. A significant increase in cell proliferation, mostly Sertoli cells, was observed in grafted tissue compared with fresh tissue, and while a significant decrease was reported in the number of MAGE-A4 spermatogonia compared with fresh tissue, the percentage of proliferating spermatogonial cells was significantly higher in grafted tissue. They reported similar numbers of Sertoli cells in both conditions.

The same research group in 2008 reported long-term survival, proliferation, and differentiation of spermatogonial cells after cryopreservation of immature human testicular tissues.[@b28-sccaa-11-023] They obtained tissues from a single testicle of five boys, cryopreserved them using the same protocol in their previous work.[@b22-sccaa-11-023] After 2--12 months, tissues were thawed and transplanted to the scrotums of 6-week-old castrated mice, and after 6 months (compared with 3 weeks in the previous study), they recovered the grafted tissue for evaluation. Histological examination showed that 55% of seminiferous tubules were intact in frozen-thawed grafted tissues compared with fresh tissue (100%), while the most extensive tubular damage (78.2% of tubules) was observed in the two oldest boys (14 years old), in whom focal spermatogenesis was observed at the time of biopsy. Using H&E staining and high-magnification microscopy (up to 400×), premeiotic spermatocytes were found in grafted tissues from all three immature boys (aged 7, 12, and 12 years), but occasionally and only in one of the 12-year-old grafted tissues, they found spermatocytes in prophase of the first meiotic division. Qualitative ultrastructural evaluation using TEM showed no damage in spermatogonial cells after freezing and grafting, and Sertoli and Leydig cells were described as normal. Immunostaining showed a significant decrease in the number of spermatogonial cells per tubule in frozen-grafted tissues compared with fresh tissue; however, double immunostaining of Ki-67 and MAGE-A4 revealed that more than one third of spermatogonial cells in frozen-grafted tissue preserved the ability to proliferate even after 6 months. IHC for 3β-HSD showed the presence of active Leydig cells, but no quantitative assessment was reported. No germ cell apoptosis in grafted tissue was observed using terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling (TUNEL). Although spermatid-like cells were seen in H&E staining of grafted tissue from all donors, IHC for meiotic and postmeiotic germ cell markers such as LDH-C, ACE, and proacrosin showed no expression in frozen-grafted tubules, indicating that these spermatid-like cells are not expressing markers of normal spermatids. To search for any sperm produced by the immature tissues during this time, the grafts were harvested, and testicular sperm extraction (TESE) was performed in three of them. No sperm was found in any of them after tissue freezing-thawing and grafting for 6 months.

These two studies, accompanying other studies, showed that human spermatogonial cells are able to maintain and keep proliferation ability after cryopreservation and grafting, although the spermatogonia population decreases. Normal spermatogenesis was not achieved after xenografting of frozen-thawed tissue, however.

Following Wnys' group studies, Van Saen et al in two different articles reported results of more prolonged grafting (up to 9 months) of cryopreserved testicular tissue from biopsies performed on boys undergoing chemotherapy for either cancer or bone marrow transplantation.[@b29-sccaa-11-023],[@b30-sccaa-11-023] The cryopreservation technique consisted of supplemented DMEM with 10% HSA, 1.4 M DMSO, and 150 mM sucrose as cryomedium, using Mr. Frosty ([Figure 3A](#f3-sccaa-11-023){ref-type="fig"}) in −80°C overnight and consequent storage in LN2. In the first study, half of one testis from each of five patients (3--13 years old) was removed, and 10% of the tissue was used for research (90% stored for future clinical use).[@b29-sccaa-11-023] After thawing the tissues, histological integrity of the seminiferous tubules and germ cell survival rate (evaluated by H&E and MAGE-A4 IHC) ranged between 27% and 48% in different samples. Despite the studies of Wyns et al,[@b22-sccaa-11-023],[@b28-sccaa-11-023] in this study, mouse testes were not castrated, and human testis tissue was grafted under the tunica albuginea (after removing the same amount of mouse testis tissue to have enough space for inserting human tissue). The grafted fresh and frozen-thawed tissues were compared after 4 and 9 months. In general, the number of surviving MAGE-A4+ spermatogonial cells decreased over time in grafted tissues after 4 and 9 months. Spermatocytes and meiotic activity (Boll+ cells) could only be observed in frozen-thawed grafted tissues of the oldest patients (12 and 13 years old), which had been noted to be already differentiated to this level prior to grafting. More tubular sclerosis was observed, especially in frozen-thawed grafts, in the older patients. Lower cell survival and lack of differentiation in the younger patients in this study could also be caused by the previous chemotherapy received prior to performing the biopsy.

The same group, in a follow-up study, obtained human testicular tissue from six patients aged 2.5--12.5 years.[@b30-sccaa-11-023] The cryopreservation process and grafting were performed in the same exact manner they described in 2011.[@b29-sccaa-11-023] However, this time, the grafted tissues were evaluated over longer time periods (9--12 months), and the transplanted mice were divided into two groups: with and without subcutaneous injection of FSH three times per week until graft excision. Although less tubular integrity was observed in frozen-thawed grafts compared with fresh tissue, no significant differences were found between untreated and FSH-treated frozen-thawed grafts (average 65% integrity). Higher percentage of MAGE-A4+ tubules survived in both fresh tissue grafts in both FSH-treated and untreated groups when compared to frozen-thawed grafts. Fewer spermatogonia survived in treated groups, but no statistical significance was noted. Unlike the previous study, differentiation up to pachytene spermatocyte level was observed in grafts from older patients as well as younger boys. Differentiation was found in the untreated grafts as well as in the FSH-treated grafts; however, the expression of meiotic activity (Boll+ cells) was only found in the untreated testicular graft from the 12.5-year-old patient. As noted previously, some patients in this study had already received chemotherapy, making interpretation of the conclusions difficult.

These studies suggest that xenografting not only can be used to evaluate cryopreserved tissue, but also could be one of the potential options in the future to create sperms for intracytoplasmic sperm injection (ICSI) ([Figure 1-IV](#f1-sccaa-11-023){ref-type="fig"}).

### Cell isolation and in vitro propagation

A landmark study by Sadri-Ardekani et al was the first to report successful long-term (\>6 months) in vitro propagation of SSCs from frozen-thawed adult testes tissue.[@b31-sccaa-11-023] They used minimum essential media (MEM) supplemented with 20% FBS and 8% DMSO to cryopreserve testicular tissue from six prostate cancer patients undergoing orchiectomy. The tissue was frozen using Nalgene^®^ Cryo 1°C "Mr. Frosty" (Thermo Fisher Scientific, Waltham, MA, USA; [Figure 3A](#f3-sccaa-11-023){ref-type="fig"}). The freezing container was placed overnight inside a −80°C freezer (−1°C/minute cooling rate), and cryotubes were transferred to −196°C (liquid N~2~) the following day. After a few months, the tissues were thawed and testicular cells were isolated, propagated, and cultured in supplemented Stem-Pro 34 medium at 37°C and in 5% CO~2~ up to 28 weeks. Clusters of germ line stem cells as well as embryonic stem cell--like colonies appeared, and the presence of spermatogonial cells during the culture was confirmed by reverse transcriptase polymerase chain reaction (RT-PCR) and immunofluorescent staining using specific markers including PLZF/ZBTB16, ITGA6, and ITGB1. They also transplanted frozen-thawed cultured cell to nude mice testes to confirm the presence of functional SSCs. In a follow-up study in 2011, the same research group showed successful in vitro propagation of human SSCs from cryopreserved prepubertal testicular tissue.[@b32-sccaa-11-023] This time, biopsy specimens were taken from two boys diagnosed with Hodgkin lymphoma and cryopreserved in a medium containing 5% DMSO and 5% HSA following the same method as in Keros et al 2007[@b17-sccaa-11-023] using CRF ([Table 2](#t2-sccaa-11-023){ref-type="table"}). After thawing, the cells were isolated with the same two-step enzymatic digestion and culture process described in their previous study.[@b31-sccaa-11-023] To confirm the presence of functional SSCs, cultured cells were transplanted into the testes of busulfan-treated immune deficient mice, and after 8 weeks, SSCs were detected on the basal membrane of mouse seminiferous tubules. These two studies were the first to isolate and propagate SSCs from human testicular tissue to a number that might be enough for autotransplantation, showing promising potential for testicular tissue banking for boys at a risk of infertility.

In 2014, Nickkholgh et al presented two different studies assessing SSC functionality and stability in culture using frozen tissue.[@b33-sccaa-11-023],[@b34-sccaa-11-023] Cryopreserved testicular tissues were obtained from patients undergoing orchiectomy as part of their prostate cancer treatment. The cryomedium was MEM based with 20% FBS and 8% DMSO. The tissue was frozen manually using Mr. Frosty and then stored at −180°C. In the first study, after thawing the tissue, germ cells were isolated and propagated in culture for 50 days.[@b33-sccaa-11-023] They were then sorted by magnetic-assisted cell sorting for ITGA6+ and HLA.ABC−/GPR125+ and were transplanted into nude mouse testes. Tracking transplanted cells using Cot-1 human DNA fluorescence in situ hybridization probe showed 7.1- and 3.9-fold increase in the population of SSCs in sorted and nonsorted transplanted cultured cells, respectively. In 15 of 19 (79%) recipients' testes, human SSC colonies were observed indicating similar behavior to freshly isolated noncultured human SSCs, suggesting that long-term cultured SSCs do not lose the ability to migrate and self-renew after xenotransplantation. In their second study, to investigate the genomic stability of human spermatogonia during in vitro propagation, an array comparative genomic hybridization was performed on single cells from noncultured and cultured ITGA6-sorted testicular cells.[@b34-sccaa-11-023] All karyotyped cultured cells from both patients (13 cells per patient) were euploid, ie, 46, XY. Moreover, methylation status of CpG islands in paternally and maternally imprinted genes of the cells sorted for ITGA6 after 50 days of culture showed demethylation of paternally imprinted genes and increased methylation of maternally imprinted genes. In the future, whole epigenome study of in vitro propagated SSC and culture system improvements are required. It is also likely that the epigenome changed after SSC transplantation as cells come back to their natural niche.

Mirzapour et al evaluated the effects of cryopreservation on SSC population and propagation of frozen-thawed SSCs during culture.[@b35-sccaa-11-023] They obtained testicular biopsies from patients who were diagnosed with maturation arrest of spermatogenesis. Testicular cells were isolated by a two-step enzymatic digestion, and the cell suspension was divided into two groups, one for cryopreservation and the other for culture for 2 weeks using monolayers of Sertoli cells as a supporting system. For cryopreservation, they followed a modified protocol of Izadyar et al used for calves,[@b36-sccaa-11-023] including DMEM containing 10% DMSO, 10% FBS, and 0.07 M sucrose as cryopreservation medium. Then, the cryotubes were placed in an insulated container in −80°C freezer for a day before transferring to LN2. The frozen-thawed spermatogonial cells were cultured for 2 weeks before freezing for three more weeks in two different groups with fresh Sertoli cells (experimental group 1) and frozen-thawed Sertoli cells (experimental group 2), comparing each with freshly isolated spermatogonial cells cultured on fresh Sertoli cells as control. By assessing the diameter and number of colonies every week and IHC staining of the colonies for cadherin type 1, Oct-4, Vimentin, and alkaline phosphatase activity, significantly higher numbers and larger diameters were found in colonies in experimental group 1 compared with group 2 and the control group, suggesting enrichment of spermatogonial cell populations after freeze-thaw. This suggests that SSCs are more resistant to low temperature than other types of testicular cells.

To validate multiple assays for the characterization of testicular cultures, Zheng et al followed the procedure described by Sadri-Ardekani et al[@b31-sccaa-11-023] to culture isolated cells from cryopreserved testicular tissue in a FBS-based cryomedium containing 10% DMEM and 10% DMSO.[@b37-sccaa-11-023] The average yield of the isolated cells from the frozen-thawed samples was around 25% of the yield from fresh tissue. Flow cytometry analyses showed that in early culture (7 days) up to 30% of cells were SSEA4+; however in later time points, the value declined to \<0.8% SSEA4+ cells, indicating somatic cells becoming more confluent.

Stimpfel et al cryopreserved testicular tissue from six adult patients with azoospermia who had no sperm observed in the tissues under TESE procedure.[@b38-sccaa-11-023] Their cryopreservation method consisted of flushing medium enriched with 20% glycerol and freezing by CRF ([Table 2](#t2-sccaa-11-023){ref-type="table"}). While DMSO as an appropriate cryoprotectant was almost established by different research groups before this study, glycerol use was not an optimum choice in this study. After thawing, testicular cells were mechanically and enzymatically isolated from the tissues following the procedures described previously,[@b31-sccaa-11-023],[@b39-sccaa-11-023] with a final viability of 60%. The isolated cells were cultured in two different media: 1) DMEM-F12 with 20% FBS and 2) DMEM-F12 with 20% follicular fluid, which was retrieved at oocyte aspiration for IVF, up to 114 days. Markers such as CD9, KLF4, and UTF1 were present in isolated cells, which was found by using RT-PCR and flow cytometry analysis, and this study reported 2% SSEA+ cells at day 80 of in vitro culture.

Baert et al compared the viability and characterization of cells isolated from fresh and cryopreserved tissues in MEM-based medium contained 20% FBS and 8% DMSO using an insulated container.[@b40-sccaa-11-023] No substantial difference was found between the fresh and frozen groups, and although the population of the UCHL1+/VASA+ spermatogonial decreased over time in culture, they ultimately resulted in the same range in both conditions (initially 3.4%--8%, after 1 month 7.3%, and after 2 months 0.8%--1.6%). This suggests that the cryopreservation method could maintain similar tissue dynamics as their fresh controls.

In a recent study, Medrano et al cultured isolated testicular cells from testicular tissues frozen from three prostate cancer patients.[@b41-sccaa-11-023] For cryopreservation, the biopsies were cut into small fragments and frozen slowly in DMEM--Ham's F12 medium with 10% FBS, 0.15 M sucrose, and 1.5 M DMSO. The cells were isolated from thawed tissues and cultured as previously described in mouse[@b39-sccaa-11-023] and human,[@b31-sccaa-11-023] with and without differential plating (named as "traditional culture"). To avoid overgrowing of somatic cells, in some experiments, they cultured sorted HLA.ABC−/EPCAM+ germ cells using fluorescence-activated cell sorting (FACS) on mitotically inactivated testicular feeder cells from the same patient aiming at finding an optimum culture condition for SSCs. Population of VASA+/UTF1+ (enriched for SSCs) at day 14 was statistically higher (112 cells/cm^2^) in FACS-sorted cultured cells compared with traditional methods (62 and 49 cells/cm^2^ in cultures without and with differential plating, respectively). However, these SSC-enriched populations decreased significantly until almost disappearing in day 28 of culture in all conditions.

Gat et al obtained testicular tissues from two patients and froze them in small pieces using MEM-based medium with 20% FBS and 5% DMSO.[@b42-sccaa-11-023] To compare the behavior of human testicular cells in different culture conditions, the cells were isolated and cultured in two different enriched media: 1) StemPro-34 and 2) DMEM-F12, both containing 2% FBS. Total population doubling time was significantly higher in DMEM-F12 (320 hours), representing a lower proliferation rate compared with StemPro-34 (120 hours), while cell morphology in both cultures was similar and population of CD90+ cells (representative of somatic cells) increased in both conditions over time. However, they observed more germ cell--like aggregates in DMEM-F12, twice as many as in StemPro culture, suggesting that DMEM-F12 is a more suitable medium for germ cell propagation. More characterization and functional studies are required to compare these two culture mediums in terms of SSC propagation.

Experimental testicular tissue banking and its indications
----------------------------------------------------------

As we discussed about different cryopreservation methods for testicular tissue and subsequent SSC isolation and culture from cryopreserved tissue in different aspects, an important clinical application of this field is testicular tissue banking. Sperm cryopreservation is not available for prepubertal boys in cases of gonadotoxic diseases or treatments; therefore, testicular tissue cryopreservation containing SSCs for future fertility preservation is the only potential option now. Here, we summarize articles regarding testicular tissue banking programs in which they describe their freezing methods and indications for banking.

Ginsberg et al created an experimental protocol for cryopreserving human testicular tissues from boys newly diagnosed with cancer.[@b43-sccaa-11-023] A 40 mm^3^ specimen was cryopreserved following the methods described by Keros et al[@b17-sccaa-11-023] and Wyns et al,[@b22-sccaa-11-023] using 5% DMSO as a cryoprotectant with a slow programmable freezer ([Table 2](#t2-sccaa-11-023){ref-type="table"}). No intraoperative or postoperative adverse events were reported after a week from the testicular biopsy. Later, Pietzak et al then evaluated the histology of these testes using a small portion of testicular tissue fixed in 2% glutaraldehyde and embedded in bisphenol, a diglycidyl ether epoxy resin.[@b44-sccaa-11-023] These semi-thin 0.4-µm sections were then stained with toluene blue. Among 27 children, they reported that 22 children (81.5%) had normal germ cells per tubules for age, while the remaining five children (18.5%) had increased germ cell counts. However, details of cell count have not been described in this study, and histology methods used are not usually available in most clinical departments.

Wyns et al summarized their fertility preservation program for boys at a risk of gonadotoxic treatments.[@b45-sccaa-11-023] Following their previous studies, they established a banking protocol and cryopreserved testicular tissue from pediatric patients in the period of 2005--2010 prior to undergoing chemotherapy. Only one testis was biopsied in each child, and \<5% of the testicular volume was removed. As cryomedium, 0.7 M DMSO supplemented with 0.1 M sucrose and 10 mg/mL HSA solutions was used. Depending on the age of the patient, one or two different control freeze programs were used: ITT protocol to cryopreserve spermatogonia in all the patients and mature testicular tissue protocol to cryopreserve gametes[@b46-sccaa-11-023] in peripubertal patients (≥12 years old), as there was a chance of obtaining differentiated germ cells ([Table 2](#t2-sccaa-11-023){ref-type="table"}). Evaluation by H&E and IHC for MAGE-A4 confirmed the presence of spermatogonial cells in all ages in this study. Interestingly, they reported that 10% of patients suffered from benign pathologies such as anemia, beta-thalassemia, and chronic granulomatous disease, but they were still undergoing treatments compromising germ cells in the testes, suggesting more indications for banking.

In another approach utilizing testicular tissue banking to preserve SSCs for potential future long-term fertility usage, Sadri-Ardekani et al introduced an experimental protocol for testicular tissue banking by collecting biopsies from both testes of prepubertal boys having either cancer or bilateral UDT.[@b47-sccaa-11-023] Cryopreservation technique was determined by whether sperms were seen in the tissue or not. Therefore, two different media were used, either commercial sperm-freezing medium containing glycerol or HBSS containing 5% DMSO and 5% HSA in case of no sperm. Freezing process was performed using a CRF ([Table 2](#t2-sccaa-11-023){ref-type="table"}). They chose this DMSO-based cryopreservation medium and CRF freezing method based on previous descriptions noting the preservation of the functionality of human SSCs from immature testis tissue after freeze-thaw, culturing, and xenotransplantation.[@b32-sccaa-11-023] Fresh tissue was fixed and evaluated by H&E staining and IHC (double staining for MAGE-A4 for spermatogonial cells and Ki-67 for proliferating cells), and when potential leukemia infiltration of the testis was possible, anti CD1a, CD3, or TdT IHC staining was also performed. The average number of MAGE-A4+ spermatogonial cells located on the basement membrane of each seminiferous tubule was 2.2 times higher in boys with cancer, and the percentages of proliferating spermatogonia in boys with cancer and bilateral UDT boys were 16.4 and 30.7, respectively. These data suggest germ cell depletion and a compensational proliferation due to dislocation of testes in UDT boys; therefore, autotransplantation of propagated SSCs may increase the fertility ability of these patients in the future.

Another potential indication for testicular tissue banking is KS, or the XXY condition, the most common sex chromosome abnormality in humans (1/600 live births), and is characterized by extensive fibrosis of testes and hyalinization of the seminiferous tubules after puberty. In 2011, Van Saen et al published an experimental study protocol, investigating the possibility of recovering SSCs from KS testicular tissue obtained in adolescence.[@b48-sccaa-11-023] They offered testicular cryopreservation to KS adolescents with either clinical (arrest or regression of testicular volume) or biological (serum FSH \>10 IU/L or declining serum inhibin-B) signs of testicular failure. Instead of multiple biopsies, a single large-volume biopsy was taken from the lower pole of the larger testis to reduce the risk of postoperative fibrosis. Harvested tissue was frozen according to their previous study[@b29-sccaa-11-023] by cutting the tissue into 6 mm^3^ fragments and using Mr. Frosty containers. Fixed tissues prior to freezing were evaluated and scored by their structural integrity and fibrosis. While interstitial fibrosis was present in all KS biopsies with very few normal tubules (range 0%--18%), samples from the youngest patient (13.3 years old) showed the least disturbed morphology with 71% of the tubules showing normal architecture. Moreover, IHCs were performed for MAGE-A4, anti-Mullerian hormone (AMH), and inhibin-alpha, and STAR to assess the number of spermatogonia, maturation, and function of Sertoli cells and Leydig cells, respectively. The results showed the presence of spermatogonial cells in five of seven boys (72%), and the expression of AMH was downregulated in all KS patients' testes, indicating that their Sertoli cells already started maturity. In all patients, Sertoli cells stained positive for inhibin confirming their functional activity, while STAR expression revealed Leydig cell hyperplasia in half of the patients. While this study showed 72% chance of having spermatogonia in KS patients around the age of puberty, there is still controversy among the clinicians and researchers on whether testicular biopsy should be offered to the KS patients and when the optimum time is. Hence, more research in this area is expected in the near future to evaluate the chance of having and preserving SSCs in KS patients for fertility preservation.

Future applications
===================

While experimental testicular tissue banking is now considered a potential option for future fertility applications, no one has yet applied SSC therapy to preserve fertility in humans, despite SSC isolation and transplantation having been shown to be successful in several animal species, including but not limited to mice, dogs, and nonhuman primates.[@b5-sccaa-11-023],[@b6-sccaa-11-023] Current researches are not only focusing on SSC transplantation, but also in vitro differentiation of SSCs to functional sperms, which could potentially be an alternative for SSC culture and propagation.[@b4-sccaa-11-023] Here, we mention two recent articles that tried to achieve in vitro germ cell differentiation using cryopreserved testicular tissue.

de Michele et al cultured tissue fragments from three prepubertal boys in an organotypic culture for 139 days.[@b49-sccaa-11-023] The tissue was frozen using CRF machine and followed the protocol described in the past.[@b22-sccaa-11-023] Fragments as small as 1 mm^3^ were placed in an insert inside a 24-well plate well and maintained in an enriched DMEM-F12 medium supplemented either with testosterone (condition 1) or with human chorionic gonadotropin (hCG; condition 2) at 34°C in 5% CO~2~. In condition 1, they increased the testosterone level in day 16 to mimic peripubertal physiology. The medium was refreshed every 48 hours. Tissue viability was preserved in both conditions during the culture period. Immature Sertoli cells became mature, confirmed by decreased proliferation activity and lower AMH production over time. The detection of MAGE-A4-positive cells at the end of culture revealed the presence of spermatogonia; however, no germ cell differentiation was observed during the culture period in any of the conditions.

Since organoid and 3D cell culture systems are emerging as pivotal models for drug screening, investigating personalized medicine and understanding human organ development, Pendergraft et al developed a novel 3D organoid system from frozen-thawed adult testicular tissue.[@b9-sccaa-11-023] Normal testicular tissues from deceased brain donors were received and cryopreserved ([Table 1](#t1-sccaa-11-023){ref-type="table"}) using Mr. Frosty, as described by Sadri-Ardekani et al.[@b31-sccaa-11-023] SSCs and Sertoli, Leydig, and peritubular cells were isolated from thawed tissue and propagated in two-dimensional (2D) cultures as described previously.[@b31-sccaa-11-023],[@b50-sccaa-11-023]--[@b52-sccaa-11-023] Using 10,000 cells per well, primary cultured spermatogonial and peritubular cells were incorporated with immortalized Sertoli and Leydig cells in a hanging drop system to form 3D testicular organoids. Organoids were cultured in ultralow attachment U-bottom well plates in an enriched StemPro-34 medium containing human testis extracellular matrix up to 3 weeks. For the entire culture period, the human testis organoid produced testosterone with and without hCG stimulation. Upregulation of postmeiotic germ cell genes confirmed the differentiation of SSCs to spermatid-like cells with a population of around 0.2% of cells in differentiated organoids. They also investigated the feasibility of cryopreserving these organoids for long-term storage and distribution, using two methods: uncontrolled slow freezing (in MEM-based medium containing 8% DMSO and using Mr. Frosty) and vitrification. Although the organoids seemed to be under more stress after slow freezing compared with vitrification when thawed, both conditions maintained normal morphology and viability around 90% after a short recovery period. While this study was done using adult testicular tissue, it is expected that it will be applied to prepubertal testicular tissue, improving this system to pursue in vitro differentiation from immature tissue.

Conclusion
==========

During the past decades, several groups pursued and showed the feasibility of human testicular tissue cryopreservation from adult and immature individuals ([Table 1](#t1-sccaa-11-023){ref-type="table"}) and proved that SSCs could also be stored and recovered after freeze-thaw using different methods ([Figure 3](#f3-sccaa-11-023){ref-type="fig"}; [Table 2](#t2-sccaa-11-023){ref-type="table"}). Mouse studies showed long-term stability of frozen SSCs and normal offspring after transplantation.[@b53-sccaa-11-023] Although these findings are expected to be the same for stored human material, it is important to evaluate the quality and stability of long-term stored human testis materials and optimize ongoing banking protocols accordingly. Usually the size of testis biopsy from pediatric patients is very small, and the number of SSCs in this tissue is limited; therefore, in vitro propagation of human SSCs will be required prior to transplantation in the future. Multiple groups have been able to culture human SSCs from frozen adult testes (around 40 patients until now),[@b31-sccaa-11-023],[@b33-sccaa-11-023]--[@b35-sccaa-11-023],[@b37-sccaa-11-023],[@b38-sccaa-11-023],[@b40-sccaa-11-023]--[@b42-sccaa-11-023] but so far only one study (including only two patients) has shown prepubertal SSC in vitro propagation from frozen-thawed material.[@b32-sccaa-11-023] Optimization of SSC culture using stored prepubertal testis tissue and adjustment to good manufacturing practice conditions will be a crucial step before starting the first clinical trials of human SSC auto transplantation. Although some attempts have been done to find an optimum method to detect and purge cancer cells prior to SSC transplantation,[@b54-sccaa-11-023]--[@b58-sccaa-11-023] additional concerns regarding potential contamination of cryopreserved testicular tissue or isolated cells with malignant cells, especially in nonsolid tumor cancer patients, will need to be addressed. The overall data indicate that frozen testicular tissue can also be utilized for varied alternative fertility preservation options including 2D or 3D in vitro spermatogenesis, ex vivo differentiation, and xenografting in the future.
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![Potential future clinical applications using stored testicular tissue from high-risk patients. I. isolation and in vitro propagation of SSCs to have adequate number of SSCs for transplantation. Patients will try for natural conception or IVF/ICSI. II. Isolation of testicular cells and in vitro differentiation of cells into sperms and use in IVF/ICSI. III. Ex vivo culturing of testicular tissue to differentiate SSCs to sperms and use in IVF/ICSI. IV. Xenografting of cryopreserved tissue under the skin at the back of mouse until they differentiate to sperms and are used for ICSI/IVF. These options are all experimental and not clinically available.\
**Abbreviations:** ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; SSCs, spermatogonial stem cells.](sccaa-11-023Fig1){#f1-sccaa-11-023}
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![Different methods for cryopreservation of testicular tissue. (**A**) Nalgene^®^ Mr. Frosty^®^ container using isopropyl alcohol and (**B**) CoolCell^®^ cell-freezing container without alcohol, both (**A** and **B**) with a cooling rate of −1°C/min. (**C**) Programmable control rate freezer that can be programmed by software for customized cooling rates. (**D**) Vitrification; showing vitrification rod (cryostraw) and solutions (scale bar =5 mm).](sccaa-11-023Fig3){#f3-sccaa-11-023}

###### 

Summary of all studies that were included in this systematic review

  Year   Study                                     Number of patients   Indication                                             Patients' age range (year)                     Frozen material         Freezing method                                   Cryoprotectant
  ------ ----------------------------------------- -------------------- ------------------------------------------------------ ---------------------------------------------- ----------------------- ------------------------------------------------- --------------------------------------------------
  2000   Bahadur et al[@b13-sccaa-11-023]          2                    Oncology                                               8 and 13                                       Tissue                  Liquid nitrogen vapor phase                       Glycerol
  2001   Brook et al[@b26-sccaa-11-023]            5                    Infertility                                            22--35                                         Isolated cells          CRF                                               DMSO, 1,2-propanediol, ethylene glycol, glycerol
  2005   Keros et al[@b14-sccaa-11-023]            16                   Unclear                                                27--42                                         Tissue                  CRF                                               Glycerol, PrOH, and DMSO
  2006   Kvist et al[@b19-sccaa-11-023]            8                    Cryptorchidism                                         1--5                                           Tissue                  CRF                                               Ethylene glycol
  2007   Keros et al[@b17-sccaa-11-023]            5                    Oncology                                               2--14                                          Tissue                  CRF                                               DMSO
  2007   Wyns et al[@b22-sccaa-11-023]             11                   Cryptorchidism                                         2--12                                          Tissue                  CRF                                               DMSO
  2008   Wyns et al[@b28-sccaa-11-023]             5                    Hematology/oncology                                    7--14                                          Tissue                  CRF                                               DMSO
  2009   Sadri-Ardekani et al[@b31-sccaa-11-023]   6                    Orchiectomy (prostate cancer)                          N/A                                            Tissue                  Insulated container in a −80°C freezer            DMSO
  2010   Ginsberg et al[@b43-sccaa-11-023]         14                   Oncology                                               0.25--14                                       Tissue                  CRF                                               DMSO
  2011   Van Saen et al[@b29-sccaa-11-023]         4                    Hematology/oncology                                    3, 5,12, and 13                                                        Insulated container in a −80°C freezer            DMSO
  2011   Sadri-Ardekani et al[@b32-sccaa-11-023]   2                    Oncology                                               6.5 and 8                                      Tissue                  CRF                                               DMSO
  2011   Wyns et al[@b45-sccaa-11-023]             62                   Hematology/oncology                                    \<12 and 12--16                                Tissue                  CRF                                               DMSO
  2011   Curaba et al[@b21-sccaa-11-023]           2                    Oncology                                               6 and 12                                       Tissue                  CRF and vitrification                             DMSO and ethylene glycol
  2012   Stimpfel et al[@b38-sccaa-11-023]         6                    Azoospermia                                            21--41                                         Tissue                  CRF                                               Glycerol
  2012   Van Saen et al[@b48-sccaa-11-023]         7                    Klinefelter syndrome                                   13--16                                         Tissue                  Insulated container in a −80°C freezer            DMSO
  2013   Mirzapour et al[@b35-sccaa-11-023]        8                    Infertility                                            28--50                                         Isolated cells          Insulated container in a −80°C freezer            DMSO
  2013   Pacchiarotti et al[@b27-sccaa-11-023]     5                    Orchiectomy (transgender)                              25--40                                         Isolated cells/tissue   CRF                                               PBS + 10% HSA + 10% DMSO/1% dextran
  2013   Van Saen et al[@b30-sccaa-11-023]         6                    Hematology/oncology                                    2.5--12.5                                      Tissue                  Insulated container in a −80°C freezer            DMSO
  2013   Poels et al[@b24-sccaa-11-023]            10                   Hematology/oncology                                    2--12                                          Tissue                  CRF and vitrification                             DMSO and ethylene glycol
  2013   Baert et al[@b25-sccaa-11-023]            14                   Vasectomy reversal                                     N/A                                            Tissue                  Slow Freezing container, CRF, and vitrification   DMSO and ethylene glycol
  2014   Nickkholgh et al[@b33-sccaa-11-023]       2                    Orchiectomy (prostate cancer)                          N/A                                            Tissue                  Insulated container in a −80°C freezer            DMSO
  2014   Zheng et al[@b37-sccaa-11-023]            9                    Orchiectomy (brain dead donors)                        13--40                                         Tissue                  N/A                                               DMSO
  2014   Nickkholgh et al[@b34-sccaa-11-023]       2                    Orchiectomy (prostate cancer)                          N/A                                            Tissue                  Insulated container in a −80°C freezer            DMSO
  2015   Pietzak et al[@b44-sccaa-11-023]          27                   Hematology/oncology                                    2.2--11.5                                      Tissue                  CRF                                               DMSO
  2015   Baert et al[@b40-sccaa-11-023]            6                    Vasectomy reversal/orchiectomy (prostate cancer)       N/A                                            Tissue                  Slow freezing container                           DMSO
  2016   Sadri-Ardekani et al[@b47-sccaa-11-023]   23                   Oncology/cryptorchidism                                0.7--16 (oncology), 1.4--11 (cryptorchidism)   Tissue                  CRF (sperm, stem)                                 DMSO and glycerol
  2016   Medrano et al[@b41-sccaa-11-023]          3                    Orchiectomy (prostate cancer)                          N/A                                            Tissue                  Insulated container in a −80°C freezer            DMSO
  2017   Gat et al[@b42-sccaa-11-023]              2                    Orchiectomy (testicular malignancy, testicular pain)   25 and 32                                      Tissue                  N/A                                               MEM + 20% FBS + 5% DMSO
  2017   de Michele et al[@b49-sccaa-11-023]       3                    Oncology                                               2, 11, and 12                                  Tissue                  CRF                                               DMSO
  2017   Pendergraft et al[@b9-sccaa-11-023]       3                    Orchiectomy (brain dead donors)                        56--61                                         Tissue, 3D organoid     Insulated container in a −80°C freezer            DMSO

**Abbreviations:** CRF, control rate freezer; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; HSA, human serum albumin; MEM, minimum essential media; PBS, phosphate-buffered saline; PrOH, propane-1,2-diol; N/A, not available.

###### 

Comparison of control rate freezer programs used in different studies for spermatogonial stem cell cryopreservation

  Year                                                                 Author                                                                  Cryoprotectant                                                                        Start                  Step 1                  Step 2                  Step 3                 Step 4                           Step 5                  Step 6                  Step 7                 Step 8                 Step 9
  -------------------------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------------------------- ---------------------- ----------------------- ----------------------- ---------------------- -------------------------------- ----------------------- ----------------------- ---------------------- ---------------------- --------
  2001                                                                 Brook et al[@b26-sccaa-11-023]                                          DMSO 1.5 M                                                                            20°C                   −2°C /min to 4°C        −0.3°C / min to −30°C   −50°C /min to −180°C   Liquid N~2~ (−196°C)             --                      --                      --                     --                     --
  1,2-Propanediol 1.5 M                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Glycerol 1.5 M                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Ethylene glycol 1.5 M                                                                                                                                                                                                                                                                                                                                                                                                                                           
  2005                                                                 Keros et al[@b14-sccaa-11-023]                                          1,2-Propanediol                                                                       22°C                   −2°C /min to −6°C       −6°C hold 10 minutes    −0.3°C /min to −35°C   −35°C hold 5 minutes             −35°C to −70°C          Liquid N~2~ (−196°C)    --                     --                     --
  Glycerol                                                             22°C                                                                    −8°C /min to −6°C                                                                     −5°C /min to −30°C     −30°C hold 15 minutes   −4°C /min to −43°C      Liquid N~2~ (−196°C)   --                               --                      --                      --                                            
  DMSO                                                                                                                                         −1°C /min to 0°C                                                                      0°C hold 5 minutes     −0.5°C /min to −8°C     −8°C hold 15 minutes    −0.5°C /min to −40°C   −40°C hold 10 minutes            −7°C /min to −80°C      Liquid N~2~ (−196°C)    --                                            
  2006                                                                 Kvist et al[@b19-sccaa-11-023]                                          Leibovitz L-15 medium + 1.5 mol/L ethylene glycol + 0.1 mol/L sucrose +10 mg/ml HSA   1°C                    −2°C /min to −9°C       Soaking 5 minutes       −0.3°C /min to −40°C   −10°C / min to −140°C            Liquid N~2~ (−196°C)    --                      --                     --                     --
  PBS + 1.5 mol/L ethylene glycol + 0.1 mol/L sucrose +10 mg/ mL HSA                                                                                                                                                                                                                                                                                                                                                                                              
  2007                                                                 Keros et al[@b17-sccaa-11-023] (programs 1 & 2)                         DMSO 5% + HSA 5%                                                                      4°C                    −1°C /min to 0°C        0°C hold 5 minutes      −0.5°C /min to −8°C    −8°C hold 10 minutes             −0.5°C /min to −40°C    −40°C hold 10 minutes   −7°C /min to −70°C     Liquid N~2~ (−196°C)   --
  −1°C /min to −8°C                                                    −8°C hold 10 minutes                                                    −10°C /min to −80°C                                                                   Liquid N~2~ (−196°C)   --                      --                      --                     --                               --                                                                                            
  2007, 2008, 2011                                                     Wyns et al[@b22-sccaa-11-023],[@b28-sccaa-11-023],[@b45-sccaa-11-023]   DMSO 0.7 mol/L + sucrose 0.1 mol/L + HSA 10 mg/mL                                     4°C                    0°C hold 9 minutes      −0.5°C / min to −8°C    −8°C hold 20 minutes   −0.5°C / min to −40°C            −40°C hold 10 minutes   −7°C /min to −80°C      Liquid N~2~ (−196°C)   --                     --
  2011                                                                 Curaba et al[@b21-sccaa-11-023]                                                                                                                                                                                                                                                                                                                                                            
  2012                                                                 Stimpfel et al[@b38-sccaa-11-023]                                       Glycerol                                                                              20°C                   −5°C /min to −6°C       −10°C /min to −30°C     −20°C /min to −140°C   Liquid N~2~ (−196°C)             --                      --                      --                     --                     --
  2013                                                                 Pacchiarotti et al[@b27-sccaa-11-023]                                   10% HSA + 10%DMSO/1% dextran                                                          4°C                    4°C hold 10 minutes     −1°C /min to −80°C      −50°C /min to −120°C   Liquid N2 Vapor Phase (−188°C)   --                      --                      --                     --                     --
  2016                                                                 Sadri-Ardekani et al[@b47-sccaa-11-023]                                 Sperm freezing media test yolk buffer                                                 20°C                   20°C hold 20 minutes    −1°C /min to 5°C        −10°C /min to −80°C    −25°C / min to −130°C            Liquid N~2~ (−196°C)    --                      --                     --                     --
  5% HSA + 5% DMSO                                                     4°C                                                                     4°C hold 30 minutes                                                                   −1°C /min to 0°C       0°C hold 5 minutes      −0.5°C / min to −8°C    −8°C hold 10 minutes   −0.5°C /min to −40°C             −40°C hold 10 minutes   −7°C / min to −70°C     Liquid N~2~(−196°C)                           

**Abbreviations:** DMSO, dimethyl sulfoxide; HSA, human serum albumin; PBS, phosphate-buffered saline.
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